Introduction: This study aims at investigating whether impaired anticipatory postural adjustments (APA) during gait initiation contribute to the occurrence of freezing of gait (FOG) or whether altered APAs compensate for FOG in Parkinson's disease (PD).
In contrast to the notion that start hesitation originates from reduced weight-shifting, the initial APA weight shift might be unimpaired in PD+FOG but they may have difficulty coupling APAs with the stepping pattern We propose two hypotheses: Start hesitation might be caused by insufficient ML weight shifting in the APA. Alternatively, the APAs may be altered to compensate for FOG. The aim of this study was to objectively characterize APAs during self-initiated gait, with and without a DT, in subjects with PD who have a history of FOG, and in trials with observed freezing, compared to matched subjects with PD without FOG and HC. Parkinson's disease groups were well balanced for disease duration and motor symptom severity, and all groups were fairly balanced for age ( Table 1) . This study was carried out in accordance with the recommendations of the local ethics committee with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the local ethics committee.
MATERIALS AND METHODS

Participants
Testing Procedure
Participants were asked to voluntarily start walking at a comfortable pace after 30 s of quiet standing. 
Assessment of Start Hesitation
To assess whether the participants showed start hesitation while initiating gait, all trials were videotaped and videos were rated by two independent raters: an expert neurologist in movement disorders (AH) and a movement scientist (CS). Raters were blinded to group allocation and participants were rated according to FOG criteria described by Schaafsma et al. (2003) .
Data Analysis
Inertial Sensors
Postural sway during 30 s of quiet stance and APAs prior to gait initiation were quantified by the trunk Opal, whereas the first step characteristics were assessed with the Opals on the shins. The sampling frequency of the Opals was 128 Hz. Inertial data were filtered with a fourth-order low pass Butterworth filter with a cutoff frequency of 3 Hz. APAs and step kinematics were calculated by algorithms previously described (Mancini et al., 2016) . In brief, a shift of the center of body mass toward the stance leg was considered to be an APA if the ML trunk acceleration exceeded 3 SD of baseline postural sway, calculated over the last 5 s of quiet stance. Start and end of an APA was defined as the moment when the signal crossed 1 SD of baseline sway prior to/after an APA. The following variables were calculated: (1) ML and AP size of APA: ML/AP peak acceleration from baseline sway as illustrated by examples in Figure 1 
EMG Analysis
The standard ISEK guidelines for surface EMG data acquisition and collection were followed (Merletti, 2017) . Surface EMG data were recorded with a sampling frequency of 2000 Hz, full-wave rectified, and low-pass filtered with a second-order Butterworth filter with a cut-off frequency of 20 Hz. A muscle was considered to be active if the EMG signal exceeded 10% of maximal EMG activity. The following EMG variables were computed: (i) co-contraction: amount of time the following two muscles were simultaneously active during APA (%): left and right TFL, GAS and TIB of the stance leg, and GAS and TIB of the stepping leg ( Figure 1) ; (ii) duration of activity of the TFL, GAS, and TIB of the stance and stepping leg, respectively, during APA. The inertial sensor and EMG data of each trial were graphically displayed and visually checked for artifacts and algorithm detection of events.
Statistical Analysis
Participant characteristics were analyzed with a one-way ANOVA (except for gender: Chi-square test) or with an independent samples T-test in cases of only two groups. A natural logarithmic transformation was applied if data were not normally distributed. A 3 × 2 mixed measures ANOVA was used to investigate the effects of groups (PD+FOG, PD−FOG, HC), condition (single task and DT), and interaction. Post hoc comparisons were conducted with Holm-Bonferroni adjustment for multiple comparisons (Holm, 1979) . Trials with FOG were excluded from the statistical analysis. The number of APAs was analyzed with a Chi-square test. As EMG data were not normally distributed a Kruskal-Wallis test was conducted with Mann-Whitney U-tests and Wilcoxon signed-rank test for post hoc comparisons (HolmBonferroni adjustment for multiple comparisons). Spearman's 
Subjects with a History of FOG Showed Smaller APAs Compared to the Other Groups
A significant group effect was found for the ML size of APA (F = 10.9; p < 0.001) ( Table 2) . Post hoc comparisons showed that PD+FOG had significantly smaller ML APAs compared to HC (F = 7.3; p = 0.034) in the single task condition and significantly smaller ML APA than both the PD−FOG (F = 11.7; p = 0.005) and HC (F = 26.0; p < 0.0001) in the DT condition (Figures 2A,B) . A significant group effect was also found for AP size of APA (F = 4.6; p = 0.013) with a significant difference between PD+FOG and PD−FOG in DT condition (F = 9.9; p = 0.014). No significant differences between groups were found for APA duration or step latency. A significant group (F = 23.3; p < 0.0001) and condition (F = 15.7; p < 0.001) effect was found for first step range of motion ( Table 2) . PD+FOG made significantly smaller first steps than PD−FOG who stepped shorter than HC in both the single and DT conditions (p < 0.01). PD+FOG and HC had significantly smaller first steps in the DT condition compared to the single task condition (p < 0.05). Significant group (F = 15.5; p < 0.0001) and condition (F = 113.9; p < 0.0001) effects were In the DT condition, the groups significantly differed in the amount of co-contraction of GAS and TIB of the stance leg (p = 0.029) with PD+FOG having less ankle EMG activity than PD−FOG (p = 0.009) (Supplementary Material).
Larger ML APAs Were Observed Prior to FOG Episodes
Two participants experienced FOG in the single task condition and seven subjects showed FOG in the DT condition. One participant was not able to make a step due to FOG in the DT condition and data from another subject could not be analyzed due to artifacts in the signal. The size of the averaged ML APAs in Other studies did not find any differences in ML size of APA when comparing PD+FOG with PD−FOG (Delval et al., 2014; Plate et al., 2016) . In contrast to our study, these studies compared PD subjects in the on state of medication, which might explain different findings. Our groups were well-balanced concerning age and gender and PD+FOG and PD−FOG group differences cannot be explained by different severity of disease.
Start Hesitation Is Not Caused by Small APAs
Although PD+FOG had smaller ML size of APA when successfully initiating gait, trials with FOG showed larger ML APAs which were within the upper range of HC and PD−FOG. In fact, we found a positive correlation between the size of ML APAs and the NFOG-Q, indicating that the more severe perceived FOG, the larger the size of ML APAs. Therefore, the hypothesis that start hesitation is caused by insufficient weight shifting when preparing gait is not supported by our data. On the other hand, we could not detect any stereotyped pattern when analyzing the seven trials with start hesitation but found various different APA patterns. Furthermore, we found various amounts of muscular co-contraction during trials with observed FOG. This indicates that start hesitation cannot exclusively be explained by impaired ML weight shifting or muscular co-contraction but other mechanisms might play a role in the occurrence of gait initiation failure.
Small APAs May Be a Compensatory Strategy for Individuals with FOG
The following aspects should be considered when judging the validity of the experiment: The sample size was relatively large for this kind of assessment and PD+FOG and PD−FOG were well balanced with respect to age, disease duration, and disease severity. APAs were analyzed with a method as previously described and validated (Mancini et al., 2016) and each trial was plotted separately and visually checked to avoid artifacts. However, the following limitations have to be announced: The number of trials with observed FOG is small, not allowing statistical analysis. Additionally, although the participants were instructed to voluntarily start walking in a comfortable pace, the signal which indicated the end of the 30 s stance time might have impacted gait initiation as a cue.
In summary, this study shows that people with PD with a history of FOG have reduced ML APAs during gait initiation compared to PD−FOG and HC. Our data further show that start hesitation is not caused by insufficient weight shifting. Due to the positive correlation of ML size of APA and FOG severity we suggest that reducing the acceleration of the body center of mass might be a compensatory strategy in PD+FOG, addressing postural control deficits and enabling the subjects to successfully initiate stepping. Further research is necessary to investigate the role of the altered APA and FOG and to study which other mechanisms might co-exist contributing to the occurrence of start hesitation.
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